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Abstract 
This paper presents the optimization of cutting parameters for improving surface finish of stainless steel SS304 in the abrasive 
assisted drilling. In the present work, drilling of SS304 with supply of abrasive slurry consisting of silicon carbide abrasives of 
1250 mesh size has been studied. The slurry concentration has been varied from 20-30% by weight. Abrasives slurry performs 
the dual function of cutting fluid as well as coolant. Response surface methodology (RSM) has been adopted for planning of 
experiments. Analysis of variance has been carried out to find out the significance and percentage contribution of process 
parameters and the interaction among various factors has been observed. The drilling parameters including spindle speed, feed 
rate, and slurry concentration are optimized using multiple performance characteristics for surface roughness.  Although, feed 
rate and spindle speed are the most significant factors which affect the surface roughness but an overall improvement of 
approximately 11% in the surface roughness has been witnessed with the aid of abrasive slurry. These research findings provide 
useful economic machining solution in terms of optimized drilling conditions for drilling stainless steel SS304. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Gokaraju Rangaraju Institute of Engineering and Technology (GRIET). 
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1. Introduction 
Drilling is one of the most common and fundamental machining process amongst all the metal removal processes 
and most often used as a preliminary step for many operations such as reaming, tapping and boring [Sanjay and 
Jyothi 2006]. Surface roughness had always been the most crucial factor in dictating the satisfactory service life of 
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machined components. For improving the surface roughness of drilled parts, secondary operations like reaming and 
honing are carried out, which add to the cost and lead time of the product. Thus, even a minor improvement in the 
surface finish during drilling through process modification is of paramount importance.  Roughness is often a good 
predictor of the performance of a mechanical component. Decreasing the surface roughness will increase the 
manufacturing cost. Many researchers have concentrated on the determination of the best drilling process to 
minimize surface roughness. Hence many numerical and experimental methods have been developed and used in the 
past decade in order to predict and determine the significant parameters which affect the drilling process, especially 
the surface roughness. The effect of cutting speed, drill diameter, feed and machining time on surface roughness, 
during drilling of mild steel bar with HSS drills are commonly investigated [Adachi et al. 1990; Lin 2002] and found 
that high drilling speed and feed rate would create a large surface roughness and affect tool life simultaneously. TiN 
coated tungsten carbide drills were also used to see the effect on surface roughness.  
Stainless steel resists chemical and electrochemical influences of atmosphere, water, acids and bases. This 
material plays an extremely important role in industry in addition to their applications in automotive, aircraft, 
aerospace industries, building and medical [Korkut et al. 2004]. The drilling of stainless steel generally gives short 
tool lives, limited metal removal rate, large cutting forces and high power consumption due to its high temperature 
strength, rapid work hardening during machining with most tool material [Lin 2002]. 
Karnik  et al. (2008) developed an artificial neural network (ANN) and response surface methodology (RSM)  
model to study the effect of process parameters such as cutting speed, feed, drill diameter, point angle, and lip 
clearance angle on burr height and burr thickness during drilling of AISI 316L stainless steel. Kurt et al. (2009) have 
studied the optimization of cutting parameters using taguchi method in the drilling of Al 2024 alloy using uncoated 
TiN and TiAlN coated drills. Cicek et al. (2012) studied the performance of treated M35 HSS drills in drilling of 
AISI 304 and evaluated the thrust force, surface roughness, tool wear and tool life and chip formation. Kadirgama et 
al. (2008) investigated the optimization of surface roughness while milling mould aluminum alloys (AA6061- T6) 
with carbide coated drills using RSM. Pirtini and Lazoglu (2005) developed a new mathematical model for 
estimation of cutting force and surface roughness based on mechanics and dynamics of drilling process. Ficici et al. 
(2012) have investigated the optimization of cutting parameters for surface roughness when drilling an AISI 304 SS 
using modified HSS drill tools by applying Taguchi technique and ANOVA. 
From the literature it is evident that the study of abrasive slurry as a coolant in the drilling process has not been 
studied to the best of knowledge of the authors. Thus in the present investigation, the impact of using abrasive slurry 
on the surface roughness has been studied using RSM approach.  RSM were employed to find the optimal levels and 
to analyze the effect and mutual interaction of process parameters such as slurry concentration, spindle speed, feed 
rate on surface roughness of stainless steel SS304. Three level factorial using response surface methodology (RSM) 
has been used for design of experiments. The ‘Design Expert 6.0.8’ software was used for regression and graphical 
analysis of the obtained data by using ANOVA approach. 
2. Experimental set-up  
The entire drilling test was carried out on 3-Axis high-speed AMAN Universal Milling Machine Model No. 1140 
as shown in Figure 1. Abrasive slurry of the silicon carbide (SiC) having grain size 1250 mesh was used as cutting 
fluid for present work. The slurry was used with varying concentration of 20%, 25%, and 30%. The work material 
used for the experimentation is stainless steel 304. The composition and physical properties of the work piece are 
shown in Table 1 and 2. A standard high speed steel twist drill with 2-flute, with a 30° helix angle and 118° point 
angle has been used in the present study. Density of HSS drill used is 7.9 g/cm3 having modulus of elasticity 224 
GPa and hardness, 65 HRC.  
The surface roughness was measured along the depth of the drilled hole. A Form Talysurf series-2 surface 
profilometer from Taylor Hobson’s having diamond stylus of 0.2 μm radius is used in the present investigation. The 
measurement procedure was based on ISO 4288:1996. A cut-off (Â.c) of 0.25 mm and sampling length of 8.0 mm 
(8 x Â.c) were used. For carrying out measurements along the depth, the specimen was cut along the hole diameter. 
Average surface roughness "Ra" was measured. 
 
 
1574   Kapil Kumar Goyal et al. /  Procedia Materials Science  6 ( 2014 )  1572 – 1579 
 
Fig. 1: Experimental set-up 
 
Table 1: Composition ranges for SS304 grade stainless steel 
Grade C Mn Si P S Cr Mo Ni N 
304 Min. - - - - - 18.0 - 8.0 - 
Max. 0.08 2.0 0.75 0.045 0.030 20 - 10.5 0.10 
 
Table 2:  Mechanical properties of SS304 grade stainless steel 
Grade Tensile Strength 
(Mpa) min 
Yield Strength 0.2% 
Proof (Mpa) 
Elongation (% in 50 
mm) min 
Hardness Rockwell 
B (HRB) 
Brinell(HB) 
Max. 
304 515 205 40 92 201 
3. Experimental procedure 
The three process parameters are considered including spindle speed, feed and slurry concentration and the levels 
considered for all the process parameters are tabulated in Table 3. Experiments are planned according to 3-level 
factorial design of response surface methodology (RSM). RSM is a factorial design based on statistical analyses 
method. Three-level designs are useful for investigating quadratic effects. The three-level design is written as a 3k 
factorial design. It means that k factors are considered, each at 3 levels. These are (usually) referred to as low, 
intermediate and high levels. These levels are numerically expressed as 0, 1, and 2. The reason that the three-level 
designs were proposed is to model possible curvature in the response function and to handle the case of nominal 
factors at 3 levels. Design Expert 6.0.8 software has been used to model the effect of process parameters and the 
desirability approach has been used to optimize the response parameter i.e. surface roughness. There are total of 32 
experiments performed according to the standard order. Further, to study the impact of slurry concentration on the 
surface roughness, full factorial experimental design has been considered for three levels of speed and feed variation 
i.e. in total 9 experiments were done without using slurry (coolant only). 
4. Results and discussion 
The results obtained in terms of surface roughness for the 3-level experimental design considering three process 
parameter speed, feed and slurry concentration  are preseneted in Table 4.  The Table 5 depicts the surface 
roughness values of abrasive slurry coolant and the coolant without any abrasives. It is quite evident that the surface 
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finish of drilled hole has significantly improved by using abrassive slurry as a coolant in almost all the combinations 
of the speed and feed.  
 
Table 3: Control factors and their limits 
Process Parameters Units Lower Limit Middle Level Upper Limit 
Slurry 
concentration(A) 
% 20 25 30 
Feed (B) mm/min. 32.5 55.25 78 
Speed (C) RPM 345 540 740 
 
Table 4: Result matrix 
Exp. 
No. 
Slurry 
Concentration  (%) 
Feed  
(mm/min) 
Speed 
(RPM) 
Surface 
Roughness (μm) 
1 20 32.50 345 1.59 
2 25 32.50 345 1.65 
3 30 32.50 345 1.73 
4 20 55.25 345 1.77 
5 25 55.25 345 1.73 
6 30 55.25 345 1.86 
7 20 78 345 1.96 
8 25 78 345 1.92 
9 30 78 345 1.86 
10 20 32.50 540 1.2 
11 25 32.50 540 1.1 
12 30 32.50 540 1.94 
13 20 55.25 540 1.39 
14 25 55.25 540 1.31 
15 30 55.25 345 1.41 
16 20 78 345 1.87 
17 25 78 345 1.86 
18 30 78 540 1.94 
19 20 32.50 740 0.9 
20 25 32.50 740 0.92 
21 30 32.50 740 0.9 
22 20 55.25 740 1 
23 25 55.25 740 0.98 
24 30 55.25 740 1.15 
25 20 78 740 1.65 
26 25 78 740 1.66 
27 30 78 740 1.75 
28 25 55.25 540 1.26 
29 25 55.25 540 1.32 
30 25 55.25 540 1.3 
31 25 55.25 540 0.98 
32 25 55.25 540 1.28 
4.1 Regression model equation for surface roughness 
Regression equation for response function i.e. surface roughness in terms of input process parameters is given 
below.These model equations indicate the individual, interaction and second order effect of input parameters and 
can be used for predicting the optimal values of input process parameters for minimizing the surface roughness. To 
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fit the quadratic model for surface roughness, the non significant terms are eleminated by backward elimination 
process. After eleminating the non-significant terms, the final response equation for surface roughness is depicted  
as under:  
 
SR = + 6.04188 - 0.19648*A - 0.036039*B - 5.01142E-003 *C +3.88817E-003 *A2+3.42382E-004*B2 + 1.55200E-
006*C2 - 1.02564E-004*A*B + 2.53165E-005*A*C++2.39254E-005*B*C      ..............................................(1)
  
Table 5: Percentage improvement in surface roughness through abrasive assisted drilling instead of simple drilling. 
 
Sr. No. Speed Feed Abrasive Assisted 
Drilling 
Simple Drilling Percentage 
Improvement 
1 740 32.5 0.92 1.13 18.58 
2 540 32.5 1.1 1.232 10.55 
3 345 32.5 1.59 1.669 4.76 
4 740 55.25 0.98 1.176 16.66 
5 540 55.25 1.24 1.376 9.91 
6 345 55.25 1.73 1.851 6.53 
7 740 78 1.66 2.04 18.62 
8 540 78 1.86 2.00 7.00 
9 345 78 1.92 2.016 4.76 
 
 
   
Fig. 2: Variation of surface roughness 
versus slurry concentration 
Fig. 3: Variation of surface roughness 
versus feed 
Fig. 4: Variation of surface roughness 
versus speed 
 
 
 
Fig. 5: Surface response plot for surface roughness versus speed and 
feed rate. 
Fig. 6: Surface response plot for surface roughness  versus speed and 
slurry concentration 
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Fig. 7: Normal Residual Plot 
Table 6: Analysis of variance  
Source SS DF MS F-Value Prob> F  
Model 3.35 9 0.37 28.63 0.0001 Significant 
A 0.020 1 0.020 1.54 0.2276 Insignificant 
B 1.39 1 1.39 106.99 0.0001 Significant 
C 1.32 1 1.32 101.92 0.0001 Significant 
A2 0.056 1 0.056 4.35 0.0489 Significant 
B2 0.23 1 0.23 17.62 0.0004 Significant 
C2 0.28 1 0.28 2.13 0.1587 Insignificant 
AB 3.333E-003 1 3.333E-003 0.26 0.6174 Insignificant 
AC 4.800E-003 1 4.800E-003 0.37 0.5499 Insignificant 
BC 0.14 1 0.14 10.68 0.0035 Significant 
Residual 1.29 22 0.013    
Lack of fit 0.20 17 0.012 0.70 0.7357 not 
significant 
Pure Error 0.084 5 0.017    
Cor Total 3.63 31     
Std. Dev. 0.11 R-Squared 0.9213 
Mean 1.46 Adj R Squared 0.8892 
C.V 7.81 Pred R-Squared 0.8244 
Press 0.64 Adeq Precision 18.683 
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%age Improvement  =  
ୗ୳୰୤ୟୡୣୖ୭୳୥୦୬ୣୱୱ୧୬୅ୠ୰ୟୱ୧୴ୣ୅ୱୱ୧ୱ୲ୣୢୈ୰୧୪୪୧୬୥Ȃୗ୳୰୤ୟୡୣୖ୭୳୥୦୬ୣୱୱ୧୬ୗ୧୫୮୪ୣୈ୰୧୪୪୧୬୥
ୗ୳୰୤ୟୡୣୖ୭୳୥୦୬ୣୱୱ୧୬ୗ୧୫୮୪ୣୈ୰୧୪୪୧୬୥  
 
Average Percentage Improvement = (18.58 10.55 4.76 16.66 9.91 6.53 18.62 7 4.76) 9         
                                                   =10.81 
4.2 Optimization of response parameters 
Optimization of response parameter i.e. surface roughness was performed to determine the optimal values of 
input process parameters for the desired surface roughness based on the developed mathematical models (Eq. 1). 
The ‘Design Expert 6.0.8’ software is used to optimize the responses during abrassive assisted drilling of SS-304. 
The target values for the surface roughness was set as minimum. The optimal values of input process parameters as 
obtained are listed in Table 7. The value of composite desirability D, was taken as 1 [Montgomery 2006].  
The rotational speed of the drill causes the churning effect of abrasives. Abrasives are thrown away because of 
the centrifugal force which cause an impact on the side walls of the hole. Thus, erosion may be considered as one of 
the material removal mechanism in this phenomenon. As drilling speed is increased the centrifugal force further 
increases, resulting in improvement in the surface finish as rubbing predominates material removal. This is because 
the cutting grains tend to rub over the work piece surface, resulting in cut away the asperities and improves the 
surface finish. From the Table 5, average improvement in the surface finish in abrasive assisted drillling in 
comparison to plain coolant drilling is 10.81% which is very significant. 
Figures 2-4 show the individual effect of slurry concentration, feed and speed on the surface roughness. It can be 
observed that the surface roughness value decreases at the medium level of slurry concentration and at the lowest 
feed rate and high speed respectively. Figure 5 shows the interaction effect of speed and feed rate on surface 
roughness. It clearly shows that surface roughness attains its lowest (desirable) value at the higher speed and lower 
feed rate. This is due to the fact that the lower feed rates give sort of burnishing effects. The Figure 6 presents the 
interaction effect of speed and slurry concentration. It can be seen that the variation of slurry concentration has 
comparatively higher impact on the surface roughness at lower speeds. Further, it is evident that the slurry 
concentration has less impact in comparison to the speed on the response parameters.   From figure 7, it can be 
observed that  most of the residuals are clustered around the straight line which implies that the errors are normally 
distributed and model is fit. 
The Model F-value of 28.63 implies that the model is significant.  There is only a 0.01% chance that a "Model F-
Value" could occur due to noise. Values of "Prob > F" less than 0.05 indicate model terms are significant. In this 
case B, C, BC, A2, B2  are significant model terms. Values greater than 0.1000 indicate the model terms are not 
significant. If there are many insignificant model terms (not counting those required to support hierarchy), model 
reduction may improve the model. The "Lack of Fit F-value" of 0.70 implies, there is a 73.50 % chance that a "Lack 
of Fit F-value" this large could occur due to noise. Non-significant lack of fit is good. The "Pred R-Squared" of 
0.8244 is in reasonable agreement with the "Adj R-Squared" of 0.8892."Adeq Precision" measures the signal to 
noise ratio.  A ratio greater than 4 is desirable.  Ratio of 18.68  indicates an adequate signal.   
4.3 Confirmation test  
In order to verify the adequacy of the models developed, confirmation experiments were performed. 
Confirmation experiments were carried out to validate the models developed for surface roughness of SS304 while 
drilling using abrassive slurry as a coolant. This was carried out by using the predicted values of the process 
parameters for the optimal value of surface roughness. The predicted value and actual confirmation experimental 
value is  compared and percentage error is calculated. It can be observed from Table 7 that the error in the pridiction 
is less than 5% which shows the strength of the developed model. This model can be used to navigate the design 
space. The value of surface roughness using this model is 0.9 to 1.94 μm. 
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Table 7: Results of confirmation experiments for RSM predicted optimal process parameters 
Optimum process inputs Surface roughness 
RSM  
output 
Exp. 
output 
% absolute 
error 
Con.  Speed Feed  
23.25 740 32.50 0.84 0.88 4.54 
5. Conclusion and future scope 
In the present work conventional drilling of Stainless Steel SS304 using abrasive slurry as a coolant has been 
carried out. The concentration of silicon carbide abrasives has been varied from 20-30% by weight. It has been 
observed that the surface roughness of drilled surface significantly improves through the use of abrasive particles. 
The overall improvement in surface finish amounting to 10.81% through use of abrasives in comparison to the plain 
coolant is very promising which will lead to huge savings in the cost and improvement in quality. In the present 
investigation, the effect of three input parameters i.e. speed, feed rate and slurry concentration were studied.  Out of 
all selected parameters, speed and feed were significantly affecting the surface roughness of stainless steel SS304 in 
comparison to the slurry concentration. However, an overall improvement of 10.81% was observed in surface finish 
by using the abrassive slurry instead of only coolant. In future abrasive assisted drilling may be studied for other 
hard materials such including MMCs. Study of other parameters like abrasive mesh size and different type of 
abrasives, depth of cut  etc. can also be included. 
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